• A method of measuring the resultant dipole moment of the human or animal heart from body surface potentials has been published. 1 ' 2 Recently, a detailed exposition of the theory has been presented, together with values of the maximum vectors for a dog, lamb, monkey and four human beings. 3 The purpose of this paper is to give complete data on the resultant vectors as a function of time during the cardiac cycle for the three animals, as well as details of the potential distributions on the thorax of each animal.
Methods
In the three animals, unipolar potentials were measured around the thorax at a number of horizontal transverse levels. Electrocardiograms at each point were recorded simultaneously with limb lead n; the peak of lead n was used as the time reference. Limb leads and a head lead were also measured simultaneously with lead n. The dipole components were then determined from the following equations.
M' = \
V cos Q dL dy (1)
M. = k / V sin 0 dh dy (3) where M x , M v and M z are the left-right, foot-head, and back-front components of the resultant dipole, k = average thorax conductivity, V = potential at each point, 0 = angle between the normal to the body at each point and the +X axis, A = average thorax cross-sectional area, V f -V h = p.d. between left hind limb and head. 3 The right hind limb was grounded. ' Potentials were measured by means of two Grass P-5 preamplifiers, a Dumont model 333 dual-beam oscilloscope, and a Grass C4E camera. Film speeds of 250 or 500 mm/sec were used in order to obtain adequate resolution. For P and T wave studies, high amplification was used so that the QRS peaks were off the oscilloscope screen. In studying the monkey, the outputs of the preamplifiers were applied to two channels of an Ampex FR-1100 magnetic tape recorder and replayed at lower speed to a two-channel Sanborn model 320 direct-writer.
The anesthetic used was pentobarbital (Nembutal) in the following amounts: Dog (weight 17.2 kg) 32 mgAg and mephenesin to reduce muscle tremor; monkey (weight 4.5 kg) 35 mgAg; lamb (weight 27 kg) 50 mgAg plus subsequent injections of 10 mg/kg when necessary. During the lamb experiment, artificial respiration was applied by means of a Harvard animal respirator. After anesthesia, the animal was placed supine inside a screened cage. Needle electrodes were inserted subcutaneously. Up to 20 electrodes were connected to a telephone steppingrelay so that measurements could be made very quickly. For the dog, 212 torso points were measured for the P and T waves, and 330 points for QRS. For the monkey, 139 points were used, and for the lamb, 87 points. Limb and head leads were also taken. In the final records, the amplitude of each complex was measured at a number of equal times. For each time value, averages of two to five measurements from successive records were taken.
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the directions of successive vectors during the cardiac cycle is represented by a series of numbers from 1 to 8 ( fig. 1, right) . In this system, space is divided into 8 sectors. 4 A vector which was cephalad, dextrad and ventrad, for example, would point into sector number 7. Figure 2 shows the variation of M, a and /3 as a function of time during P and QRS for the dog. During atrial excitation M increased and decreased in magnitude but changed direction very little. The vector lay in sector number 1, i.e., left, downwards and posterior, except for the terminal vector which was in sector number 4. The peak value of M for the P wave was 114fc ma-cm with a. = 25°, /3 = 13°. The spatial magnitude is expressed in terms of conductivity k, since insufficient data are available for average thorax conductivities of animals. If the value for man, .002 ohnr 1 -cirr 1 , is used, the maximum value of M for the P wave would be 0.23 ma-cm. The mean spatial vector was M = 63k ma-cm, a = 23°, j8=14°.
DOG HEART
During QRS, the magnitude of M did not 
FIGURE 2
Variation of M, a and p for dog heart during P and QRS. Dipole show a simple rise and fall, but had two separate peaks at 7 and 14 msec. At ,10 msec, the magnitude was lower than either peak.
The maximum value of a also occurred at 10 msec. The angle /3 varied widely during QRS. The sequence of ventricular vectors was 341434. The mean QRS vector was 159/c at a = 34°, /3 = -43°.* Vectorcardiograms are not shown, but may be constructed from the data of figure 2. The T wave vector showed little change in direction, and was entirely in sector 4. The maximum value of M was 250k; the range of a was 13° to 37°, and the range of /3 was -3 0° t o -7 2°.
The potential distributions around the tho- 10 and 20 rax at the level of the fifth intercostal space (ICS) at different times during QRS are shown in figure 3 . This method of presentation is an alternative to the plotting of equipotentials as used by others.
5
" 7 We consider that the presence of more than one simultaneous positive or negative peak of potential is evidence of more than one effective dipole. Ignoring minor variations, figure 3 shows that this condition existed at this level at 10 and 20 msec. Similar plots at the fourth ICS showed a double positive at 10 msec but essentially a single dipole curve at 20 msec. Levels more remote from the heart showed no major bidipolar effects. Occasional irregularities in the curves were also noted during the P and T waves, but some of these involved only a single electrode.
MONKEY
The variation of the spatial vector during QRS is shown in figure 4A . The sequence of vector directions was 8414, and the mean spatial vector was 68k at a-59°, j8=1.3°. Because of the low amplitudes of the P and T waves, only peak values were obtained. These were, P: M = llk, a = 55°, / 3 = -2 6°; T:
The thorax potential distributions (fig. 5) showed bidipolar activity at a level through the center of the ventricles at 12.5 msec. At other levels and times, the curves obtained were essentially unidipolar in character. 
FIGURE 4
Spatial dipole moment vectors of monkey and lamb hearts during QRS. The completely different curve of B for the lamb heart indicates the different path of excitation in ungulates.
LAMB
Data were obtained only for the QRS complex; the variation of the spatial vector is shown in figure 4B . The sequence of vectors was 87326. The peak vector was M = 910fc, a --15°, /3 = 114°; the mean spatial vector was M = 290k, a = -15°, /3 = 113°. The peak and mean vectors therefore pointed upwards to the right posterior, making small angles with the horizontal and sagittal planes. Except for small variations, the potential curves were all unidipolar. A dip in the potential curve of
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Distributions of potentials around thorax of monkey at level of center of ventricles at different times. Numbers give time in msec. A bidipolar distribution is shown at 12.5 msec.
20% of the peak value occurred at the level of the fifth ICS at 12 msec.
TEST OF EINTHOVEN TRIANGLE
Frontal plane angles calculated from the Einthoven equation were compared with angles obtained using the integration theory, equations 1 and 2. This was done for peak and mean P, QRS and T vectors. In all cases the Einthoven triangle gave too large values of a f . The range of difference in angle was 17° to 59°; average 31°. Table 1 shows peak spatial dipole moments during QRS together with body weights. The data for the rat and rabbit were obtained with the hearts suspended at the center of a sphere, 4 so that the resistivity of the perfusion and bathing fluid was accurately known (52 ohmcm). The other data were from in situ measurements using the integration theory and are expressed in terms of the average thorax conductivity k. Various authors have given a value for resistivity for man of about 500 ohmcm. The figures in parentheses in table 1 are for k = 1/500.
COMPARISON OF DIPOLE MOMENT OF DIFFERENT MAMMALS
Discussion
DIPOLE MOMENTS
The data of figures 2 and 4 represent the first detailed application of the integration theory 1 to the determination of the resultant dipole moment of the animal heart in vivo, although peak values have appeared elsewhere. 3 The values shown are accurate with regard to both spatial magnitude and angle, subject to the assumption of an electrically * Units of M for rat and rabbit hearts in ma-cm; these hearts were perfused at the center of a sphere. 4 Data for rat heart from one experiment only (unpublished data). Values for monkey, dog, lamb, and man are in terms of conductivity k. If units of k in ohm-i-cnr 1 are used, M is in ma-cm. Figures in parentheses are for an assumed value of k = 0.002. Figures for man are averages from four young adult males; 3 range 1.81 to 3.19 ma-cm. Heart weights for rat, rabbit, and monkey were 1.2, 10.6, and 33.3 grams.
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homogeneous thorax. Because of the large amount of time and labor involved in the complete integration of surface potentials, our results are for one animal only of each species. Since the potential values are known over the entire thorax, it is possible to calculate the vector which would be obtained from any lead system. The method therefore provides a standard against which vector lead systems can be checked. The method has been tested by model experiments, and found to give very good agreement.
In the evaluation of equation 1, the potential at each electrode was multiplied by cos 9 for that point. V cos 9 was then plotted as a function of L, the distance around a given horizontal level. The area under this curve was equal to / V cos 9 dL. This was done •for 23 levels on the dog, 13 on the monkey, and 8 on the lamb. These areas were then plotted as a function of the vertical distance, y, for each animal. The area under the resulting curve, multiplied by k, gave the value of M x . This procedure was applied at 16 time points during QRS for the dog, 17 times for the monkey, and at 11 times for the lamb. Equation 3 was evaluated similarly, using sin 9 instead of cos 9. The shape of the thorax was taken into account by the angle 9, and its dimensions by the surface integrations. The units of / / V cos 9 dL dy are mv-cm because that factor was determined by experiments in a model of the human thorax. Artificial dipole experiments in models representing each animal will be necessary to find out whether or not the same correction factor holds. Table 1 shows a definite correlation between peak dipole moment and body weight. When plotted, a straight line can be drawn through the points for the monkey, dog and lamb heart moments. It is possible that an average thorax resistivity of 500 ohm-cm is not correct for some animals. In a single measurement on a sheep weighing about 50 kg, a value of 330 ohm-cm was found; the average value for rabbits was 250 ohm-cm. These measurements included the heart itself, and may have resulted in a low value because of the intracardiac blood.
An interesting point is that although M for the dog heart was almost three times that of the monkey heart, higher peak positive and negative potentials were observed on the thorax of the monkey than on the dog thorax. A possible reason for this may have been that the monkey heart was closer to the anterior wall, or that the smaller volume of the monkey thoracic cage may have concentrated the current field. It is well known that the potentials at the surface of a sphere due to a dipole at the center are inversely proportional to the square of the radius of the sphere. These results indicate that any accurate vector lead system must take into account the dimensions of the body, at least as far as magnitudes are concerned. The potentials alone do not measure accurately the heart's dipole moment.
Data on vectorcardiograms of animals are rather scarce. Hellerstein and Hamlin, 8 however, have presented curves of spatial magnitudes and angles for the dog, using the tetrahedral lead system. They found that in 50% of the cases the spatial magnitude ECG had three peaks, occurring at mean times and standard deviations of 6.0 ±2.0, 21.5 ±3.7, and 31.7 ± 5.0 msec. Figure 2A shows that the dipole moment magnitude had peaks at 7, 14, and 25 msec. The first peak was in sector 3 ( right, down, anterior) whereas Hellerstein and Hamlin's first peak was in the right, upwards, anterior direction. The second peak of figure 2A represents a vector shifting from Circulation Research, Vol. XVII, August 1965 sector 4 to sector 1, i.e., downwards to the left shifting from anterior to posterior; their second peak values also lay in either sectors 4 or 1, but made a greater angle with the horizontal plane. The third peak of M from our data was a vector towards the anterior, slightly downwards and to the right of the sagittal plane; their third vector was upwards to the right posterior. Their vector 2a, at 27.9 msec, was to the back and slightly to the right; this would correspond more closely with figure 2A , since y3 at this time reached a maximum value of 47°.
The differences between results may have been due to the relative positions of the animals, or to the characteristics of the lead systems. In order to test this latter point, vectors were calculated from the tetrahedral lead system for the same animal as in figure 2A . The results are shown in figure 6A . The vectors were found from the following equations: lead i 1.7 V/ 1.2 V u (4) (5) (6) as customary for the equilateral tetrahedron. Figure 6A shows that V derived from the tetrahedron had one major peak at 12 msec, instead of two peaks at 7 and 14 msec, as in figure 2A . The third small peak occurred at 30 msec instead of 25 msec. The value of a was always positive, as in figure 2A, but had much higher values. Two curves are shown for /?, corresponding to electrode positions at the center of the back and one inch to the left of the center back. As long as the electrode was within one-half inch of the center back position, the curve of /? agreed remarkably well with the complete integration curve. For electrode positions outside this range, large errors in (3 occurred.
Hamlin, Robinson, and Smith 9 found that the average P vector in the frontal plane for the monkey made an angle of 75°, with a range of 65° to 85°. The angle we found by the integration method was somewhat lower than this, i.e., 57°. The angle calculated from the Einthoven triangle was 74°.
Hamlin et al. found that the average direc- tion of the mean QRS vector for the monkey in the dorsal-supine position lay in sector 1. In our experiment, the mean axis was also in sector 1, but made smaller angles with the horizontal and frontal planes. Figure 4A shows that the initial forces were up to the left anterior (0 to 4 msec). From 4 to 14.7 msec, the vector increased in magnitude and swung down to the left to a position parallel with the frontal plane. Next, with decreasing magnitude it rotated to the left, posterior and somewhat less downwards (14.7 to 23.5 msec). The terminal forces were directed anteriorly to the left and slightly downwards. These results agree partially with those of Hamlin et al. Figure 6B shows the spatial voltage vector V and its angles as calculated from the tetrahedral system for the same animal as in figure  4A . It is evident that the curve for V has a different shape from that of M; also a is generally higher for the tetrahedral system. The curves for /3 do not agree as well with the integration method as was the case for the dog.
Our results for the lamb ( fig. 4B ) agree with others 1 "" 14 in that the main direction of excitation of the ventricles is different from that of man, dog, or monkey; it was upwards to the right posterior rather than downwards to the left. The angle of the vector with the horizontal plane remained fairly small. The curve for (3 was completely different from that of the dog or monkey. There was initially a swing from the left anterior direction (/3 = -15°), through the right anterior and to the right posterior (/3 = 130°). This rotation occurred in the first 12 msec. After this, /3 changed to 107° and remained about the same for the rest of QRS. This activity is in accord with the data of Hamlin and Scher, 1 " who found that in the first 5 msec of QRS (in the goat), the apical posterior portion of the left ventricular subendocardial muscle was excited, resulting in a ventrocephalic direction. In the next 10 msec, the apical third of the interventricular septum was excited simultaneously from both endocardial surfaces, and both walls of the ventricles were activated. After this 1 , the basilar third of the interventricular septum was involved. These authors consider that the excitation of the hearts of other ruminants probably follows this pattern.
Noseda et al. 11 gave the path of ventricular excitation of the lamb as follows: trabecular zone, central zone of right ventricle, apex, areas near the auriculoventricular sulcus, apical, central and posterior areas of the left ventricle and finally the upper zones of both ventricles and the pulmonary conus. Borgatti and Mavrulis 14 found a shift in axis for the lamb from -152° to -95° in going from the standing to the decubitus dorsal positions, and a shift in the dog axis from 57° to 75°.
The spatial magnitude voltage vector recorded by the tetrahedral system for the same lamb as in figure 4B showed good agreement with the curve of M; in both methods the peak occurred at 16 msec. The curve of a was different in that it changed from +45° to -40°f rom 0 to 4 msec. After this it remained fairly constant, and decreased to -35° at 28 msec, and then to -18° at 36 msec. The curves of y3 for the tetrahedral system were quite different in value from figure 4B, but the general pattern was similar. /3 was fairly constant from 16 msec on, but varied between 170° and -155°, depending on the exact location of the back electrode, whereas the integration method gave a terminal value of about 107°.
The maximum spatial voltage vectors recorded by the tetrahedral system for the monkey, dog and lamb hearts were 3.40, 1.80, and 0.94 mv, whereas the dipole moments in terms of conductivity were 231fc, 634fc, and 910fc (table 1) . These results indicate that the tetrahedral lead system does not measure accurately the magnitude of the spatial vector.
The values obtained above were found on the basis of assuming a homogeneous thorax. The apparent magnitudes of the dipole moments may have been affected by tissue inhomogeneities, such as differences in resistivity of intracardiac blood, myocardium, and extracardiac thoracic tissues. 1 " These effects could cause errors in M, a and /8, since these are all derived from M. T , M u , and M-. The true value of M might be smaller than that shown when the spatial vector is radial to the cardiac cavity, and might be larger when the vector is tangential. This would be true especially of the P vectors, since the dipole components are close to the atrial cavity. The integration method (equations 1 to 3) can serve nevertheless as a standard of comparison for vector lead systems which use body surface potentials. Once the vectors accurate for the homogeneous volume conductor are obtained, it may be possible to correct them for inhomogeneities of tissue. It is conceivable that a vector system might give better results for the nonhomogeneous case due to a fortuitous choice of electrode positions or weighting factors~but this seems unlikely. dous amount of labor required. It has been found, however, that a lead system using three rows of 12 equally spaced electrodes gives a good approximation to the surface integrations.* More recent studies in our laboratory indicate that a further simplification involving three rows of eight electrodes plus a foot-head lead still gives a good approximation to the direction and magnitude of the heartvector. In addition, the various summations and multiplications can be done by means of a resistance network. This system can be used with either human beings or animals.
DISTRIBUTIONS OF POTENTIALS
A by-product of the integration method is that the distribution of potentials over the entire thorax is determined (figs. 3 and 5). In figure 3 , for the dog, double positive peaks at 10 msec and double negative peaks at 20 msec are shown at this level (fifth ICS). At times and at thorax locations where a single dipole representation of the heart is inadequate, the next simplest and most realistic model, in our opinion, consists of two independent, moving dipoles in different physical locations, e.g., in left and right ventricles. We therefore designate the curves having more than one positive or negative peak as "bidipolar," and curves which could be produced by a single dipole as "unidipolar."
In studies of the thoracic potential distributions on the dog, Horan et al.° found extra dipole components at 20 msec of QRS. TacCircuUtion Research, Vol. XVII, August 1965 cardi 7 also found two potential maxima at 10 msec, as well as two minima during the last third of QRS. The relation between thorax potentials and heart activation was also discussed by Taccardi. Figure 5 shows that a bidipolar distribution existed at the ventricular level of the monkey at 12.5 msec. Figures 3 and 5 were chosen to illustrate the growth and decay of bidipolar distributions. It should be emphasized, however, that at most levels and times the curves were unidipolar, within the limits of experimental error.
In some cases, potentials were plotted as a function of vertical distance on the, thorax at fixed instants of time. For single dipole representation, such curves should also have not more than one positive or negative peak. In our experiments, these curves were less sensitive' to the effects of additional dipole components. In two experiments, complete equipotentials were plotted over the thorax. This type of plot appeared the most sensitive to local effects. We believe, however, that plots of potential around the thorax at horizontal levels near the heart reveal any significant bidipolar activity.
The measurements described here were made in the classical manner; i.e., by recording simultaneously with a common lead, using the common lead peak as a time reference, and measuring deflections at certain instants using a millimeter rule or dividers. The errors inherent in this method have been discussed recently. 5 In order to assess the influence of such errors, the range of individual readings for each complex was plotted as a vertical line at each point on a given horizontal level. Figure 7 shows the range of values for the fifth ICS of the dog at 10 msec. At this time, there is no doubt that a bidipolar distribution exists, because the two positive peaks are due to definite trends in the data from several electrodes. An advantage of this method of plotting the distributions of thorax potentials is that the errors can be averaged out by drawing a smooth curve through the data ranges. Figure 7 shows that at the midsternal line, for example, the range of potentials measured from successive records was 1.05 to 1.38 mv. If equipotentials were drawn on the thorax, connecting all the 1.1, 1.2, and 1.3 mv points respectively from a single set of measurements when the degree of error is of the order of 0.3 mv, very bizarre patterns might be obtained. It is very important therefore that truly simultaneous records be obtained and that due consideration be given to the errors of measurement.
Horan et al. 5 mentioned the desirability of an electronic instrument capable of obtaining virtually instantaneous potential distributions. Such an analyzer has been in use in our laboratory for some time 10 
"
18 and makes it possible to obtain potential distributions from up to 20 electrodes in one msec. Using this analyzer, with ten electrodes on each of the third to sixth interspaces on children, we have found the distributions to be essentially unidipolar in normal subjects, but bidipolar at times for three children with atrial septal defect or tetralogy of Fallot. 3 At one instant of time, in a supposedly normal child, a bidipolar distribution was also found. Assuming constant conditions within a given millisecond, these results provide evidence that bidipolar distributions can exist and are not due to artifacts, to variations due to respiration, or to other factors. Faulty electrode contacts were also ruled out, since smooth curves were obtained at other times during the cardiac cycle from the same subjects. In four young adult males, the distributions were unidipolar at all times, except for small variations.
Although the bidipolar potential distributions on the thorax should provide a fruitful field for study, we do not believe their existence invalidates the vector concept. Even under pathological conditions, the distributions are unidipolar a large percentage of the time, but when they are not, they might have the effect of producing a diagnostically significant pattern on the VCG.
.Summary
The magnitude and direction of the spatial dipole moments of hearts of a dog, monkey and lamb were obtained in vivo from, multiple potentials on the body surface. A comparison between peak dipole moment and body weight in mammals showed a definite relationship. A comparison with spatial vectors calculated from the equilateral tetrahedron system showed significant differences. Graphs of instantaneous potential distributions around the chest showed that bidipolar conditions existed at certain times and locations, but die distributions were mostly unidipolar. Frontal plane angles calculated from the Einthoven triangle were about 30° too high, on the average.
